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Abstract
The majority of northern peatlands were initiated during the Holocene. Owing to 
their mass imbalance, they have sequestered huge amounts of carbon in terrestrial 
ecosystems. Although recent syntheses have filled some knowledge gaps, the ex-
tent and remoteness of many peatlands pose challenges to developing reliable re-
gional carbon accumulation estimates from observations. In this work, we employed 
an individual- and patch-based dynamic global vegetation model (LPJ-GUESS) with 
peatland and permafrost functionality to quantify long-term carbon accumulation 
rates in northern peatlands and to assess the effects of historical and projected fu-
ture climate change on peatland carbon balance. We combined published datasets of 
peat basal age to form an up-to-date peat inception surface for the pan-Arctic region 
which we then used to constrain the model. We divided our analysis into two parts, 
with a focus both on the carbon accumulation changes detected within the observed 
peatland boundary and at pan-Arctic scale under two contrasting warming scenarios 
(representative concentration pathway—RCP8.5 and RCP2.6). We found that peat-
lands continue to act as carbon sinks under both warming scenarios, but their sink 
capacity will be substantially reduced under the high-warming (RCP8.5) scenario 
after 2050. Areas where peat production was initially hampered by permafrost and 
low productivity were found to accumulate more carbon because of the initial warm-
ing and moisture-rich environment due to permafrost thaw, higher precipitation and 
elevated CO2 levels. On the other hand, we project that areas which will experience 
reduced precipitation rates and those without permafrost will lose more carbon in 
the near future, particularly peatlands located in the European region and between 
45 and 55°N latitude. Overall, we found that rapid global warming could reduce the 
carbon sink capacity of the northern peatlands in the coming decades.
K E Y W O R D S
basal age, carbon accumulation, climate change, dynamic global vegetation models (DGVMs), 
peatland, permafrost
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1  | INTRODUC TION
Peatlands are important terrestrial ecosystems owing to their large 
carbon (C) reserve (MacDonald et al., 2006). According to recent 
estimates, around 400–500 Pg [1015 g] C have been sequestered 
in these ecosystems since the beginning of the Holocene (Gorham, 
1991; Yu, Loisel, Brosseau, Beilman, & Hunt, 2010). However, the 
distribution of peat soil organic C is uneven and widespread across 
the pan-Arctic region (45–75°N; Kleinen, Brovkin, & Schuldt, 2012; 
Loisel et al., 2014; Xu, Morris, Liu, & Holden, 2018). There is still 
some uncertainty surrounding both the distribution of the peatland 
area and total C storage so that the estimated C budget remains 
speculative (Yu, Beilman, & Jones, 2009). This uncertainty mainly 
stems from limited and sporadic spatial and temporal estimates of 
C accumulation rates (CARs; Loisel et al., 2014). The extent and re-
moteness of the northern domain pose a challenge to developing 
reliable regional C accumulation estimates. Recent syntheses have 
filled some of these knowledge gaps, but many regions are yet to be 
explored (Loisel et al., 2014; Yu et al., 2009). Modelling studies are 
useful in the present context, as many state-of-the-art models (see 
table S1 in Chaudhary, Miller, & Smith, 2017a) have now included 
peatland and permafrost processes in their framework. Simulation 
tools can therefore predict reasonable CARs at many peatland sites, 
making them reliable tools for reducing CAR uncertainties at dif-
ferent spatial and temporal scales (Alexandrov, Brovkin, & Kleinen, 
2016; Chaudhary, Miller, & Smith, 2017b; Wu, Verseghy, & Melton, 
2016). However, these recent modelling attempts have also indi-
cated that the models will require reliable climate forcing data for 
realistic predictions of CARs. In particular, models must have a 
proper representation of freezing–thawing processes in cold regions 
and need to be constrained with correct peat basal ages (Chaudhary 
et al., 2017b).
A large fraction of northern latitude land areas is underlain by 
permafrost (Obu et al., 2019). In areas without glacial ice cover, 
permafrost started developing in the Pleistocene period—such 
areas hold the thickest permafrost today (French, 1999). On the 
other hand, a significant part of today's permafrost extent was 
formed after deglaciation of the Laurentide and Fennoscandian 
ice sheets. A substantial area of northern peatlands coincides 
with low altitude permafrost areas of both Pleistocene and 
Holocene origin (Hugelius et al., 2014; Wania, Ross, & Prentice, 
2009). Globally, permafrost peatlands store around 277–302 Pg C 
which is equivalent to about 14% of the global soil C (Hugelius 
et al., 2014). Permafrost has an intricate and complex relationship 
with peatland vegetation, hydrology and biogeochemistry (Vardy, 
Warner, Turunen, & Aravena, 2000). Peat deposits in combination 
with permafrost lead to distinct landforms, such as palsas, peat 
plateaus and polygonal peat plateaus with shallow active layer 
depths (Malmer, Johansson, Olsrud, & Christensen, 2005). Being 
strongly coupled with all the major biogeochemical components 
of peatlands, alterations in the present state of permafrost can 
have severe implications for the overall peatland carbon balance 
(Robinson & Moore, 2000).
Peat basal ages provide an understanding of peatland initiation 
(Yu, 2012) and thus indirectly shed light on associated deglaciation 
processes and past changes in climate (Chambers et al., 2012), with 
wet and moderately warm conditions typically leading to the initi-
ation of new peatlands. Databases of basal radiocarbon ages from 
peatlands show regional differences in the timing of peatland initia-
tion (Loisel et al., 2014; Yu et al., 2010). It is believed that there is no 
specific factor which is solely responsible for peatland initiation and 
its further development, but rather a combination of several factors, 
such as geomorphology, local hydrology, climate, moisture condi-
tions, substrate, bedrock composition and permafrost, among others 
(Korhola et al., 2010; Kuhry & Turunen, 2006; Morris et al., 2018; 
Ruppel, Valiranta, Virtanen, & Korhola, 2013; Weckstrom, Seppa, & 
Korhola, 2010). Predicting accurate basal age through modelling is 
therefore challenging. Since the majority of peatlands formed be-
tween 8,000 and 10,000 calendar years before present (ky cal. bp) 
in northern regions (Yu et al., 2010), modelling studies (Chaudhary 
et al., 2017a; 2017b) typically use a fixed indicative period during 
the model initialization stage, for example, 10 ky cal. bp. However, 
this simplified strategy ignores the effects of many important fac-
tors such as ice sheet cover and post-glacial rebound, local climate, 
substrate, topography and other unknown factors which may have 
triggered and influenced peat formation or caused a lag in peatland 
development (MacDonald et al., 2006; Yu et al., 2010) at different lo-
cations, resulting in spatiotemporally variable CARs. In the absence 
of reliable parametrizations for peatland initiation, models must be 
prescribed with correct peat basal ages for reliable predictions to 
minimize uncertainty related to the timing of peatland formation.
Dynamic global vegetation models (DGVMs) are used to study 
changes in vegetation patterns at different spatial and tempo-
ral scales together with associated biogeochemical and climate 
feedbacks (Cramer et al., 2001; Friedlingstein et al., 2006; Sitch 
et al., 2008; Strandberg et al., 2014; Zhang, Jansson, Miller, Smith, 
& Samuelsson, 2014). Currently, a handful of vegetation models fea-
ture a representation of both peatland and permafrost ecosystems 
which is a prerequisite to quantify peatland carbon dynamics in past, 
present and future climates (Kleinen et al., 2012; Stocker, Spahni, & 
Joos, 2014; Wania et al., 2009). Formulations of multiple peat-layers 
accumulation and decay have been demonstrated at the site scale 
(Bauer, 2004; Frolking et al., 2010; Heinemeyer et al., 2010) and re-
cently been integrated in the framework of DGVMs for large area 
application (Chaudhary et al., 2017a). Peatland processes have also 
been incorporated in other modelling frameworks, performing rea-
sonably well for peatland sites (Alexandrov et al., 2016; Morris, 
Baird, & Belyea, 2012; Wu et al., 2016). A number of models have 
performed large area simulations to account for regional peatland 
carbon dynamics (e.g. Alexandrov et al., 2016; Kleinen et al., 2012; 
Qiu et al., 2019; Schuldt, Brovkin, Kleinen, & Winderlich, 2013; 
Stocker et al., 2014; see supplementary table S1 and para 2, p. 2571 
in Chaudhary et al., 2017a for more details).
Earlier studies (Chaudhary et al., 2017a; 2017b) have shown that 
the uncertainty in predicting CAR can be minimized if the models 
are constrained with correct peat initiation time. In this work, three 
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different published datasets of peat basal ages (Gorham, Lehman, 
Dyke, Janssens, & Dyke, 2007; Korhola et al., 2010; MacDonald et al., 
2006), supplemented by independent measurements (Chaudhary 
et al., 2017a; Loisel et al., 2014; Yu et al., 2009), have been combined 
to a peat inception map for the pan-Arctic region. Initiate model sim-
ulations with this peat inception map, we employ the individual- and 
patch-based dynamic global ecosystem model—LPJ-GUESS (Smith, 
Prentice, & Sykes, 2001) with dynamic peatland and permafrost 
functionality (Chaudhary et al., 2017a) to quantify CARs at different 
temporal scales across the pan-Arctic region. The model accounts 
for the close coupling between peatland, permafrost and vegetation 
dynamics which is critical for the formation and evolution of these 
C-rich ecosystems. We analyse the influence of historical climate 
change on peatland C balance, CARs and permafrost distribution 
at regional scale, and compare to corresponding simulated values 
for future climate change scenarios (representative concentration 
pathway—RCP2.6 and RCP8.5).
2  | MATERIAL S AND METHODS
2.1 | Model description
LPJ-GUESS (Lund–Potsdam–Jena General Ecosystem Simulator) is a 
process-based, dynamic, second-generation model of vegetation dy-
namics, plant physiology and the biogeochemistry of terrestrial eco-
systems (Smith et al., 2001, 2014). It simulates a dynamic vegetation 
structure and composition in response to changing climate conditions 
and is optimized for regional to global applications. Plant demogra-
phy and community structure evolve in replicate patches subject to 
the stochastic establishment, mortality and disturbance, forced by 
climate, CO2 and hydrological inputs altering the biogeophysical and 
biogeochemical characteristics of terrestrial ecosystems. The model 
has been evaluated against a number of observational datasets and 
other models (see e.g. Ekici et al., 2015; McGuire et al., 2012; Piao 
et al., 2013).
We employed a customized version of LPJ-GUESS for Arctic 
applications which includes dynamic peat accumulation and decom-
position functionality in conjunction with permafrost/freeze–thaw 
cycle (Chaudhary et al., 2017a). Peat accumulation is a product of 
annual litter input and decomposition losses: The peat is composed 
of a fraction of the dead litter C mass derived from roots, leaves, 
seeds and stems. The dead litter, which is a product of mortality, 
productivity and leaf and root turnover specific to plant functional 
types (PFTs), is initially deposited on top of a static mineral surface. 
The dead litter is treated as a peat mass which decomposes based 
on the initial decomposition rate, the quality of litter, and the soil 
thermal and hydrological properties in each layer within an individ-
ual patch. The decomposition is computed on a daily time step, and 
the peat's intrinsic properties and structure are parameterized by 
an initial decomposition rate (ko) which declines over time (Aerts, 
Verhoeven, & Whigham, 1999; Chaudhary et al., 2017b; Frolking 
et al., 2001). The peatland hydrology is simulated using a simple 
bucket scheme where precipitation and snow melt are assumed to 
fill the bucket and evapotranspiration, drainage and base run-off re-
move water (Gerten, Schaphoff, Haberlandt, Lucht, & Sitch, 2004). 
We simulate water and ice in each peat layer of individual patch and 
convert them to water and ice content by dividing the amount of ice 
and water with total water holding capacity. If a layer is completely 
frozen (100% ice), it cannot hold additional water. In partially frozen 
soil, the sum of the fractions of water and ice is limited to the water 
holding capacity of that layer. The soil water content determines the 
peat decomposition rate in individual layers. We calculate the land-
scape water table position (WTP) and add and remove the amount of 
water from each patch required to match the landscape mean WTP.
In the current setup, multiple vegetation patches are simulated 
that account for the spatial heterogeneity within a peat-bearing 
landscape. In the model, the vegetation is represented as a mix-
ture of PFTs, that is collections of species with similar functional 
and morphological characteristics. The peatland vegetation in LPJ-
GUESS is represented by five PFTs: graminoids (Gr), mosses (M), high 
summergreen shrubs (HSS), low summergreen shrubs (LSS) and low 
evergreen shrubs (LSE). The model is initialized with a random sur-
face represented by uneven heights of individual patches (10 in the 
simulations performed here). At the end of each simulation year, the 
water is redistributed from the higher elevated sites to low depres-
sions by means of lateral flow. We equalize the WTP of individual 
patches according to the mean WTP of the landscape. The higher 
patches lose water if their WTP is above the mean WTP of the land-
scape, while the patches with a WTP below the mean receive water. 
This, in turn, affects the plant productivity and decomposition rate 
in each patch, which further modifies the surface conditions. Shrubs 
dominate in dry conditions with WTPs below −25 cm (negative signs 
signify a WTP below the peat surface), while mosses and graminoids 
are favoured by comparatively saturated conditions: graminoids fa-
vour inundated conditions (WTP is above +10 cm) and mosses estab-
lish for WTPs between −50 and +5 cm. The establishment function 
is implemented annually based on annual mean WTP. The different 
PFTs feature specific physiological, morphological and life-history 
characteristics governing their interactions and response to climate. 
Carbon allocation, phenology, rooting depth, tolerance for water-
logging and decomposability of plant litter are key PFT parameters, 
in conjunction with prescribed bioclimatic limits and average WTP 
determining their growth and distribution (Chaudhary et al., 2017b; 
Miller & Smith, 2012). The full parameter sets for these PFTs are 
given in Miller and Smith (2012) and Chaudhary et al. (2017b) and a 
detailed description of the model can be found in Chaudhary et al. 
(2017a).
2.2 | Simulation protocol and data requirement
2.2.1 | Hindcast experiment
To achieve a better spatial and temporal understanding of the 
Holocene peatland development and C dynamics across the 
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pan-Arctic region, the model was run for 969 randomly selected grid 
points (referred to as ‘sites’ below) distributed across the northern 
latitude domain (45–75°N; Figure 1a), of which 287 fall within the 
observed peatland boundary (Xu et al., 2018; see Figure 1a,b). In the 
following, we refer to this subset of 287 points as the ‘mapped peat-
land ensemble’, while the full ensemble of 969 points is referred to as 
the ‘pan-Arctic all peat scenario’. The model results for the ‘mapped 
peatland ensemble’ represent the best guess considering the pres-
ently known peatland extent, while the ‘pan-arctic all peat scenario’ 
constitutes a hypothetic upper bound taking potentially unmapped 
peatlands into account (resulting values presented in brackets; see 
Table 1).
To reach an approximate equilibrium of vegetation and C pools 
with respect to early climate conditions, the model was initialized for 
each site for 500 years from ‘bare ground’ using the first 30 years 
of historical climate forcing data (explained below). The mineral and 
peat layers were forced to remain saturated for the entire initializa-
tion period. The peat decomposition, soil temperature and water 
balance calculations were not started until the peat column became 
sufficiently thick (0.5 m). This initialization strategy was adopted to 
avoid a sudden collapse of the peat column in very dry spells due 
to feedbacks between temperature-dependent peat decomposition 
and thus reduced water holding capacity. The shallow peat layers in 
the low-latitude regions are highly susceptible to these anomalies 
affecting the peat dynamics and CAR.
To take the observed peatland initiation period into account for 
each modelled cell, we first extracted and combined approximately 
5,000 peat basal points (see Figure 1c) from three published datasets 
(Gorham et al., 2007; Korhola et al., 2010; MacDonald et al., 2006). 
Additional peat basal points were also added from other sources 
(Chaudhary et al., 2017a; Yu et al., 2009). We identified and removed 
identical points and retained the oldest basal age. The filtered basal 
point ages (2,873 points) were then interpolated using an inverse 
distance weighting interpolation to generate a most up-to-date peat 
basal age distribution surface to constrain the model. This strategy 
overcomes the major uncertainty related to the peat initiation period, 
which is influenced by various local factors and therefore difficult to 
simulate at the resolution of the climate forcing data (see below). The 
basal age points have not been screened by the strict Reyes and Cooke 
(2011) protocol, which may have led to potential random errors in the 
peat basal age map. This means that in some places the basal age does 
not represent the actual peat initiation time leading to different CARs 
F I G U R E  1   (a) Map of the pan-Arctic domain (45–75°N) showing 969 randomly selected modelled sites (‘pan-Arctic all peat scenario’) and 
the subset of 287 sites (‘mapped peatland ensemble’, in green) based on (b) the observed peatland boundary (Xu et al., 2018); (c) locations 
with observed peat basal age (2,573 points) extracted from published datasets (Gorham et al., 2007; Korhola et al., 2010; MacDonald et al., 
2006)
TA B L E  1   Mean carbon accumulation rates (g C m−2 year−1) for the observed boundary and pan-Arctic scale at different time intervals
Domain
Time interval
Holocene
Millennium 
(1000–2000)
Centennial Decadal
Historical 
(1901–2000)
Exp26 
(2001–2100)
Exp85 
(2001–2100)
Historical 
(1991–2000)
Exp26 
(2091–2100)
Exp85 
(2091–2100)
Mapped 
peatland 
ensemble (287 
points)
21.4 17.8 24.3 29.8 25 33.1 22 5.8
Pan-Arctic all 
peat scenario 
(969 points)
23.6 21.4 27.6 27.6 24.2 33.9 20.5 10.3
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(see Figure 1b,c). To drive the model, we have developed three distinct 
climate forcing periods: Each simulation was run from the time of peat 
initiation based on corresponding interpolated basal age values until 
the year 1900. Thereafter, a transient run was performed from the 
year 1900 to 2000, followed by two different future experiments for 
the next 100 years (2001–2100) under two different climate change 
scenarios.
2.2.2 | Historical climate forcing
In the first phase, we forced the model with climate fields (tem-
perature, precipitation and cloudiness) constructed by interpolat-
ing between monthly values from the year of peat initiation (based 
on the prescribed basal age, see above) until the year 1900. The 
delta-change method, that is applying relative anomalies in tem-
perature and precipitation, was used to form the monthly climate 
forcing series. Climate anomaly data were derived for the nearest 
global climate model grid cell to the modelled site location from 
the Hadley Centre's Unified Model (UM; Miller et al., 2008) and 
linearly interpolated values from these climate anomalies were 
applied to the average monthly Climatic Research Unit gridded 
Time Series 3.0 gridded climate dataset (Mitchell & Jones, 2005) 
from the period 1901 to 1930. This method conserves the inter-
annual variability of temperature and precipitation from the base-
line historical climate (1901–1930) throughout the simulation. The 
version of the UM used in this study was HadSM3, an atmospheric 
general circulation model coupled to simple mixed-layer ocean and 
sea ice models with 2.5° × 3.75° spatial resolution (Pope, Gallani, 
Rowntree, & Stratton, 2000). The monthly Holocene temperature 
values were interpolated to daily values, and monthly precipitation 
totals were distributed randomly among the rainy days per month 
(minimum 10) from the climate dataset. The monthly CRU values 
of cloudiness for the first 30 years from the year 1901 to 1930 
were repeated for the entire simulation period. Finally, we added 
the variability to daily climate values by generating random values 
from a normal distribution with monthly mean (μ) and standard 
deviation (σ) of the monthly CRU values from 1901 to 1930. The 
second historical phase extended from 1900 to 2000 ad for which 
we used the CRU dataset (Mitchell & Jones, 2005) to force the 
model. Past atmospheric CO2 concentrations until 1850 ad were 
obtained from the boundary conditions in the UM time slice ex-
periments (Miller et al., 2008). The CO2 concentrations used to 
force the UM simulations were linearly interpolated to an annually 
varying value between prescribed averages for each millennium 
(from the start of the peat initiation to 1850 ad). From the year 
1850 to 2000, observed annual CO2 from atmospheric or ice core 
measurements were used (McGuire et al., 2012). The model simu-
lated higher CAR during the initial 500 years as we limit the peat 
decomposition until it reaches a height of 0.5 m. These anomalies 
were also present in our earlier studies (Chaudhary et al., 2017a; 
2017b), which demanded a different strategy to avoid higher CAR 
due to initial peat build up. In this study, we replaced the initial 
500 years with an average of the following 500 years for each site 
in our analysis.
2.2.3 | Climate change experiments and forcing
To investigate the sensitivity of CAR to the widest possible ranges of 
climate change scenarios, we performed future experiments using 
the RCP2.6 and RCP8.5 (Moss et al., 2010) 21st-century climate 
change projections (referred to as ‘Exp26’ and ‘Exp85’ in the fol-
lowing), extending the base experiment (‘Bas’) from the year 2001 
to 2100. Climate output from the Coupled Model Intercomparison 
Project Phase 5 (CMIP5) runs with the Hadley Global Environment 
Model 2 (HadGEM2-ES; Collins et al., 2011) was used to provide 
future climate forcing. The anomalies extracted from the Exp26 and 
Exp85 experiments were applied to the historical CRU data to create 
climate forcing fields for each site. Atmospheric CO2 concentrations 
for both emission scenarios were obtained from the website of the 
International Institute for Applied Systems Analysis (IIASA)—http://
tntcat.iiasa.ac.at/RcpDb/.
2.3 | Model evaluation
To evaluate our model, observed CARs based on 127 sites (Loisel 
et al., 2014) were compared to modelled CARs since the begin-
ning of the Holocene. A recently developed PEATMAP dataset (Xu 
et al., 2018) was combined and aggregated to generate the most up- 
to-date peatland distribution map (Figure 1b) across the pan-Arctic. 
Peatlands that fall within a 50 km radius were aggregated in the same 
polygon (using the ArcGIS aggregate function). This map was used 
to extract and identify modelled sites within the observed peatland 
area to calculate mean CARs for the observed peatland zone.
3  | RESULTS
3.1 | Hindcast experiment
Peatlands started forming approximately 20 ky cal. bp during the last 
glacial maximum but the majority (approx. 90%) developed after the 
Greenlandian period (12–8 ky cal. bp), which marks the beginning 
of the Holocene. Until the end of Northgrippian around 4.2 ky cal. 
bp, almost 80% of present-day peatlands had developed (Figure 2). 
Around 20% of peatlands initiated during the Meghalayan period 
after 4.2 ky cal. bp and are considered young peatlands. According 
to our simulations (Figure 3), northern peatlands have sequestered 
C at a rate of 15–30 g C m−2 year−1 during the Holocene with a 
mean of 21.4 (23.6) g C m−2 year−1 (see Table 1). From Figure 3, we 
note that modelled CARs were highest during the mid-Holocene 
(around 8.5 ky cal. bp). Modelled peatlands accumulated a relatively 
greater amount of C during the model initialization stage as the de-
composition was not started until the peat height reached 0.5 m 
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(which is part of our initialization strategy, Section 2.2.1). Due to 
this artefact, higher modelled CARs can be noticed at the begin-
ning of our simulations (Figure 3), which was partially corrected by 
replacing the first 500 years in each site with the average CAR of 
the next 500 years.
Nevertheless, the mean modelled CAR for the ‘mapped peatland 
ensemble’ is close to the observed CAR range for each 1,000 year 
period (Figure 3a; magenta dots with a solid magenta line), following 
similar temporal patterns as observations (Loisel et al., 2014; Yu et al., 
2009). A sharp reduction after 8.5 ky cal. bp and a slight dip after 5 ky 
cal. bp can be noticed in the observed CARs. The observed rates calcu-
lated by Loisel et al. (2014) using observed CAR at 127 sites are more 
representative for pan-Arctic rates than the earlier observation by Yu 
et al. (2009). The modelled CAR for the ‘pan-Arctic all peat scenario’ 
largely follows a similar temporal trend. A sharp increase in CAR can 
be noticed in the observational dataset, which is not reproduced by 
the modelled values at the end of the time series. However, the obser-
vational dataset includes CAR values from after 2000 ad, which partly 
explains the high CAR in modern times. In our analysis, only the mean 
of the last 1,000 years (from 1001 to 2000 ad) is considered so that 
the higher peat growth after 2000 ad evident from our future exper-
iments (see Figure 4c–f, I and II) is not contained. The ‘pan-Arctic all 
peat scenario’ (969 sites) showed similar CAR variability and trends as 
the ‘mapped peatland ensemble’ (287 sites).
The CAR for the last millennium falls within the range 
15–30 g C m−2 year−1 and the accumulation rates are relatively higher 
since the start of the industrial period (after 1850), probably due to 
milder climate and partial decomposition of some of the recently 
accumulated peat layers (Figure 3b). In the last few decades of the 
20th century, the CAR reaches values of up to 30–40 g C m−2 year−1 
F I G U R E  2   Distribution of regional 
peat basal age points (2,573; Gorham 
et al., 2007; Korhola et al., 2010; 
MacDonald et al., 2006) since the Last 
Glacial Maximum (20 ky cal. bp), including 
cumulative percentages; randomly 
selected model sites (‘pan-Arctic all peat 
scenario’, 969 points) and the subset 
(‘mapped peatland ensemble’, 287 points) 
within the observed peat boundary (Xu 
et al., 2018) are distinguished
F I G U R E  3   (a) Modelled (mapped peatland ensemble, 287 and pan-Arctic all peat scenario, 969) and observed mean carbon accumulation 
rates (CAR, in g C m−2 year−1) for each millennium (1,000 year period) for the last 12,000 years. Red: modelled mean CAR for ‘pan-Arctic all 
peat scenario’ (r2 = .33; root mean square error [RMSE] = 2.8). Magenta: modelled mean CAR for the ‘mapped peatland ensemble’, that is 
the points within the observed peatland boundary (r2 = .35; RMSE = 4.1). Blue points are observed CARs (g C m−2 year−1) based on 127 sites 
Loisel et al. (2014) with error bars showing the standard errors of the means, (b) modelled ‘pan-Arctic all peat scenario’ and ‘mapped peatland 
ensemble’ for centennial (100 year period in magenta) rates (in g C m−2 year−1) and (c) decadal (10 year period) rates (in g C m−2 year−1) for 
RCP2.6 (Exp26) with 287  and 969  and RCP8.5 (Exp85) with 287  and 969  sites
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(Figure 3c), suggesting an increasing trend in CAR. As with the early 
and mid-Holocene trends, the ‘mapped peatland ensemble’ showed 
similar accumulation patterns and trends for the last millennium and 
the 20th century compared to the ‘pan-Arctic all peat scenario’.
Plant litter is derived from five plant types: M, Gr, LES, HSS and LSS, 
where mosses are the dominant contributor (Figures 4a–c and 5a,b). 
Figure 4a,b shows that the net primary productivity (NPP) for both the 
‘mapped peatland ensemble’ and the ‘pan-Arctic all peat scenario’ is 
around 150–200 g C m−2 year−1 since the start of the Holocene. The 
plant productivity declines from lower (45–55°N) to higher latitude 
(65–75°N) areas, in conjunction with a decrease in the contribution 
from shrubs to NPP (Figures 4d–f and 5). In higher latitude peatlands, 
modelled plant litter at the end of the 20th century is mostly composed 
of mosses, with minor contributions from dwarf shrubs and graminoids 
(Figures 4d and 5a,b). Peatlands in Europe and eastern and central 
Canada (0–60°E and 0–120°W; Figure 4g–l) are more productive than 
others (Figure 4g,h), while graminoids are more productive between 
0–60°W and 120–180°E due to high moisture availability in near-
coastal environments (Figure 4i). Shrubs are the dominant plant type 
between 45 and 55°N due to high insolation and deeper WTP (Aerts 
et al., 1999; Pinceloup, Poulin, Brice, & Pellerin, 2020). In reality, many 
peatland areas are dominated by trees in such low latitudes, which is 
not represented in the model employed for this study, as there are chal-
lenges in dealing with the carbon produced by trees (Chaudhary et al., 
2017a). For instance, litter components such as woody debris and tree 
trunks represent a large carbon mass added in short time, distorting 
the individual peat accumulation scheme and hydrological properties. 
Therefore, further research is required to deal with this issue.
Permafrost formation can be classified in syngenetic and epigen-
etic (Ping, Jastrow, Jorgenson, Michaelson, & Shur, 2015), influencing 
land surface processes in different ways. Permafrost that forms at 
the same time as the land surface (e.g. through sedimentation or peat 
accumulation) is known as syngenetic permafrost, while permafrost 
formed in previously deposited sediments or earth material is known 
as epigenetic permafrost. While our model is in principle capable of 
simulating both permafrost formation processes, we have not isolated 
the influence of different permafrost formation processes on peatland 
development and functioning in this study. The modelled column- 
average September ground ice fraction in the peat soil is used as a 
proxy for permafrost occurrence (Figure 8a–c), as a potential active 
layer would generally be at its deepest thickness in September (on the 
N hemisphere), allowing to differentiate between permafrost and sea-
sonally frozen ground. The modelled permafrost distribution for the 
recent past (averaging 1991–2000; Figure 8a) is very similar to other 
F I G U R E  4   Long-term net primary productivity distributed among plant functional types for (a–c) the pan-Arctic region, using the ‘pan-Arctic 
all peat scenario’ (a) and the ‘mapped peatland ensemble’ (b) for the last 12,000 years (kyear) and (c) for the last millennium (1000–2000 ad); (d–f) 
is sorted according to different latitudinal zones from 45 to 75°N; (g–i) is sorted according to longitudinal zones from 0 to 180°E and W. Panels 
(i) and (ii) from (c) to (l) show the future Exp26 (left inset) and Exp85 (right inset) experiments (‘mapped peatland ensemble’ used for c–l)
(a)
Pan-Arctic Latitudinal zones Longitudinal zones
(d) (g) (j)
(b) (e) (h) (k)
(c) (f) (i) (l)
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reported permafrost maps for the pan-Arctic region (for all soil types; 
Obu et al., 2019). Large areas in Siberia, Canada and parts of north-
ern Scandinavia are underlain by permafrost with shallow active layer 
depth (0–1.5 m; Figure 8d) and the annual WTP fluctuates between 
−15 and 0 cm (Figure 9a,d) at the end of the 20th century in the model. 
Modelled areas further south featured a deeper active layer thickness, 
WTPs and relatively warmer climate providing suitable conditions for 
shrub growth (Figures 4d–f, 5a, 8a and 9a,d). The presence of perma-
frost does not have any direct association with peatland CAR and we 
find moderate to high litter accumulation (Figures 6a and 8a) in these 
areas. For instance, large parts of western Canada, Alaska and eastern 
Siberia accumulate relatively high amounts of C (Figure 6a) by the year 
2000 according to our model simulations.
3.2 | Climate change experiments
In general, modelled northern peatlands accumulated C at a rate of 
10–50 g C m−2 year−1 in the recent past (averaging 1991–2000; see 
Figure 6a). However, there are some areas in Europe which are less 
productive (Figure 6a) during this period. The modelled average CAR 
for the same period was estimated around 33.1 (33.9 in the ‘pan-Arctic 
F I G U R E  5   Distribution of dominant plant type across the pan-Arctic; (a) average 1991–2000; (b) clipped map according to observe 
peatland boundary (Xu et al., 2018); (c) under RCP2.6 (Exp26) scenario (average 2091–2100); and (d) under RCP8.5 (Exp85) scenario (average 
2091–2100)
(a) (b)
(c) (d)
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all peat scenario’) which decreased to 5.8 (10.3) g C m−2 year−1 in Exp85 
and 22 (20.5) in Exp26 (averaging 2091–2100; see Figures 3b,c and 6b,c 
and Table 1) by the end of the 21st century. The scenario simulations 
(see Figure 6b,c) suggest that the majority of European and western 
Russian peatlands, as well as low-latitude areas between 45 and 55°N, 
could turn into C sources by the end of the century. In contrast, our 
simulations indicate that northern and central Russian and Canadian 
peatlands might enhance their C sink capacity (Figure 6b,c,e,f). It is also 
clear that both C uptake intensity and C losses will increase in Exp85. 
However, the overall C sink capacity of peatlands could be more sig-
nificantly reduced in the high-end scenario Exp85 compared to the 
low-emission Exp26 scenario by the end of this century.
In our analysis, the accumulation pattern and rates for the 
‘mapped peatland ensemble’ are largely similar to the ‘pan-Arctic 
all peat scenario’ (see Figure 3b,c), emphasizing the robustness of 
modelled CARs. To calculate N Hemisphere C uptake by peatlands 
from modelled CAR, we use state-of-the-art datasets of present-day 
peatland extent. According to PEATMAP (Xu et al., 2018), the total 
peatland area across the pan-Arctic is approximately 3.1 million km2 
north of 45°N, with some studies (Yu et al., 2010) providing slightly 
higher estimates of up to 4 million km2. Using both estimates with 
the time-history approach (Yu et al., 2010), we calculated that the 
northern peatlands have accumulated around 500–620 Pg C (see 
Figure 7) since the beginning of the Holocene.
F I G U R E  6   (a) Net carbon accumulation rates ( in g C m−2 year−1, average 1990–2000), (b) following the RCP2.6 scenario (Exp26; average 
2091–2100), (c) following the RCP8.5 scenario (Exp85; average 2091–2100), (d) carbon accumulation rates (average 1990–2000) according 
to the most up-to-date observed map (PEATMAP – Xu et al. (2018), difference between RCP and present day (e) b − a; and (f) c − a
(a) (b) (c)
(d) (e) (f)
F I G U R E  7   (a) Rates of peatland 
area change since the early Holocene 
according to two different estimates—3.1 
and 4 million km2 (Xu et al., 2018; Yu et al., 
2010) and (b) total accumulated carbon (in 
Gt C) using the time-history approach
(a) (b)
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We found that a large part of the Siberian region would remain 
a C sink under both climate change experiments, but the C sink ca-
pacity can vary greatly between these extremes (Figures 4h,i[I,II] 
and 6b–f). In Exp85, high C accumulation is linked to higher plant 
productivity and wetter soil conditions (see Figures 4h[I], 6c,f, 
8c,f and 9c,f). As permafrost thaws, the active layer deepens, pro-
viding sufficient moisture for plant growth (Figures 6c,f and 8c,f). 
Moreover, the modelled plant productivity is further promoted by 
high CO2 levels in Exp85, leading to higher CARs (Figure 4d–l[II]). 
On the other hand, the Exp26 experiment is associated with 
rather limited warming and precipitation rates, as well as moder-
ate CO2 increases. Here, we found that projected warming is not 
strong enough to degrade the underlying permafrost (Figure 8b,e) 
and replenish the soil moisture (Figure 9b,e). Still, the WTP deep-
ens as evaporation rates increase, allowing woody shrubs to dom-
inate in certain places (Figure 5c). However, C loss due to high soil 
decomposition rate are found to be comparatively low, since the 
warming is much less pronounced as in Exp85. Northern Europe, 
southern Canada, parts of Alaska and eastern and western parts 
of Siberia are projected to lose a significant amount of frozen 
ground leading to deeper active layer (Figure 9b–f) and wetter 
soil conditions, resulting in a higher plant productivity and CARs 
(Figure 6c,f).
In contrast, permafrost-free areas with low future rainfall experi-
ence moisture stress conditions leading to a significant C loss to the 
atmosphere (Figure 6c). Drier conditions also promote shrub expan-
sion which are shown in Figures 4d–f[I,II] and 5c–d. As shrubs move 
northwards in response to more favourable climate conditions, the 
associated plant litter composition changes, forming less recalcitrant 
material highly susceptible to decomposition (Figure 4d–f[I–II]). We 
also find that the area of peatlands dominated by wet graminoids is 
projected to shrink significantly as WTP deepens (Figures 5c,d and 
9b–f).
4  | DISCUSSION
Our simulations resulted in four estimates of peatland C balance, 
using two different spatial extents (‘mapped peatland ensemble’ and 
‘pan-Arctic all peat scenario’) and two different warming scenarios 
(Exp26 and Exp85). The actual peatland distribution lies somewhere 
between the two spatial extents examined, but likely much closer 
to the state-of-the-art observational extent (i.e. the ‘mapped peat-
land ensemble’) than the theoretical upper bound of the ‘pan-Arctic 
all peat scenario’. However, this approach provides an indication of 
the possible range of future peatland responses to changing climate 
F I G U R E  8   Modelled September ground ice fraction (0–1) in the peat soil (as a proxy for permafrost distribution) interpolated among 
modelled sites averaged over (a) 1991–2000 and (b) 2091–2100 under RCP2.6 (Exp26), and (c) under RCP8.5 (Exp85) scenarios; (d) modelled 
mean September active layer depth (cm) interpolated between modelled sites for 1991–2000; (e) for RCP2.6 scenario (Exp26; average 
2091–2100), (f) for RCP8.5 scenario (Exp85; average 2091–2100)
(a) (b) (c)
(d) (e) (f)
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conditions. While the modelled rates are very similar for the two 
ensembles, the mapped peatland ensemble is used for the upscaling 
purpose.
We found that northern peatlands have sequestered C at a rate 
of 20–30 g C m−2 year−1 since the Holocene with a mean of 21.4 
(23.6) g C m−2 year−1, largely in agreement with other published long-
term records (Loisel et al., 2014; Yu et al., 2009). In the recent past, 
CARs were in the range of 10–50 g C m−2 year−1 with a mean of 33.1 
(33.9; averaging 1991–2000; Figures 2b,c and 6a,d; Table 1) which 
on average are higher than the long-term CARs (Figure 3b,c). This 
is explained by the fact that the recently accumulated peat has not 
decomposed as much as peat in deeper layers (Yu et al., 2009), in 
addition to higher CARs due to a warmer climate and higher levels of 
CO2 in the atmosphere in the last century. In the coming decades, we 
find that northern peatlands are likely to continue to act as C sinks 
under both future climate scenarios. However, their sink capacity is 
substantially reduced under the high-end climate change scenario 
(Exp85) after the year 2050 (Figure 3b,c). Compared to present-day 
CAR estimates of 20–30 g C m−2 year−1, the peatland C sequestration 
capacity will increase until 2050 to 30–35 g C m−2 year−1, followed by 
similar rates as in 2000 for Exp26, while carbon sequestration rates 
decrease substantially after 2050 for Exp85 (see dotted green and 
black lines in Figure 3c). Overall, the mean CARs for the 21st century 
indicate that peatlands will gain comparatively more C under both 
warming scenarios (Figure 3b,c). This is in agreement with Gallego-
Sala et al. (2018) who also showed a slight increase in the global 
peatland sink capacity compared to present day until 2100 for both 
scenarios. Spahni, Joos, Stocker, Steinacher, and Yu (2013) found 
that northern peatlands will remain a net C sink at least until 2050 ad 
and a net source afterwards, using a DGVM with nitrogen limitation 
(LPX—Bern 1.0).
The largest uncertainties arise from insufficiently studied areas, 
for example, the central and eastern Siberian regions and areas 
north of 70°N (Loisel et al., 2014), where the true area of peatlands 
is poorly known. If we assume these areas have a considerable frac-
tion of peat-bearing landscapes, or turn into peatlands due to milder 
climate conditions and high soil moisture levels, they have the poten-
tial to enhance their C sink capacity, thus compensating for some of 
the projected C loss after 2050 (see Figure 3c). On the other hand, 
presently permafrost-free areas which experience reduced precip-
itation rates are likely to experience moisture stress conditions in 
the future. These areas will lose more C in the near future, particu-
larly peatlands located in the European region and between 45 and 
55°N latitude. In Siberia and Europe, only few peatlands are located 
between 45 and 55°N (see Figure 6d), but a significant fraction of 
peatland cover in North America falls in this latitudinal zone—Our 
simulations indicate that these areas may turn into a C source in 
the near future. Evidence of high C emissions from some of these 
F I G U R E  9   Modelled annual water table position (WTP; cm) in the peat soil interpolated among modelled sites averaged over (a) 1991–
2000, (b) 2091–2100 for RCP2.6 (Exp26) and (c) 2091–2100 for RCP8.5 (Exp85) scenarios; (d) clipped annual WTP map (average 1990–2000) 
according to the most up-to-date observed map (PEATMAP; Xu et al. (2018)), difference between RCPs and present day (e) b − a; and (f) c − a
(a) (b) (c)
(d) (e) (f)
CHAUDHARY et Al.4130  |    
low-latitude sites in recent years indicates that they could lose more 
C in the future (Koehler, Sottocornola, & Kiely, 2011; Roulet et al., 
2007). In summary, our findings show that areas in Siberia and north 
of 70°N have the potential to enhance their C sink capacity, while 
northern European and North American peatlands (between 45 and 
55°N) are most vulnerable to C losses in the coming decades.
All modelled peatlands showed an increase in their plant pro-
ductivity under the high-warming experiment (Exp85), showing 
a dominant control of surface air temperature and CO2 levels on 
plant productivity and CARs (Figure 4). In the model, shifts in the 
dominant vegetation distribution occurred between 45 and 55°N 
and in the Canadian region between 60 and 75°N. Areas domi-
nated by graminoids were found to be diminished in both experi-
ments (Figure 5a–d), implying drier conditions and a deeper WTP 
(see Figure 9). Drier and warmer conditions in the north promote 
shrub expansion, affecting plant litter composition and peat 
(Myers-Smith & Hik, 2018; Vowles & Björk, 2019). In contrast, it is 
interesting to note that limited warming diminishes soil moisture in 
the upper layers through evapotranspiration, but is not sufficient 
to degrade the underlying permafrost and replenish soil moisture. 
This results in water stress conditions in some areas leading to 
vegetation damage and stunted growth affecting overall net pro-
ductivity (Parmentier et al., 2018; Treharne, Bjerke, Tømmervik, 
Stendardi, & Phoenix, 2019). This issue needs to be explored fur-
ther to evaluate the impact on productivity in the employed model 
tools.
The effect of climate change on peatland initiation and expan-
sion is not well understood and currently a topic of active research 
(Morris et al., 2018). We found that peatland expansion is almost 
linear since the beginning of the Holocene (Figure 7a), leading to 
a total area of 3.1 million km2 occupied by peatlands across the 
pan-Arctic in by the year 2000 (Xu et al., 2018). Some studies have 
used different spatial extents in their calculations to compute total 
C stored in peat-bearing landscapes. Yu et al. (2010) used 4 and 
3.7 million km2, while Gorham (1991), Turunen, Tomppo, Tolonen, 
and Reinikainen (2002) and Loisel et al. (2014) used a lower value 
of 3.4 million km2 in their studies, leading to estimated C pools of 
270–674 Pg C in northern peatlands (Yu, Loisel, Charman, Beilman, 
& Camill, 2014). Since vast areas in eastern and central Russia 
have not been studied (Loisel et al., 2014), we assume the total 
peatland area to fall between 3.1 and 4 million km2 which trans-
lates to our estimate of around 500–620 Pg C by the year 2000. 
The time-history approach makes use of CARs and peatland area 
change over time to calculate total carbon stocks at each time in-
terval. The carbon stock at each time interval can then be summed 
up to yield total carbon stocks. If we simply extrapolate the rate of 
increase in peatland area based on the past changes (see Figure 7), 
we estimate that around 0.61–0.75 million km2 could turn to peat-
lands by the end of this century. Using CARs within the mapped 
peatland boundary (see Figure 2b), this would mean that peatlands 
have the potential to take up 9.8–12.5 Pg C under Exp26 or 8.4–
10.8 Pg C under Exp85 by the end of 2100. However, both the rate 
of peatland expansion and the future C sink capacity of peatlands 
(Figure 3) are highly uncertain so that these estimates must be re-
garded with caution.
A recent study by Hodgkins et al. (2018) showed that the 
near-surface peat in low-latitude peatlands has characteristics simi-
lar to the deeper recalcitrant peat layers of northern peatlands. They 
are characterized by higher aromatic content and low carbohydrates, 
creating a low oxidation state and higher recalcitrance which is the 
main reason for their limited mineralization. They concluded that if 
low-latitude peatlands can withstand an increase of +9°C, northern 
peatlands might be more resilient to recent and future warming due 
to similar peat characteristics. This finding highlights the importance 
of properly constrained peatland PFT characteristics and peat de-
composition processes in models, in particular the sensitivity of 
the deeper, recalcitrant high-latitude peat to recent and projected 
warming.
5  | CONCLUSION
Our model captured the broad patterns of long-term peatland C 
dynamics at different spatial and temporal scales while simulating 
reasonable recent vegetation patterns and permafrost extent across 
the pan-Arctic region. We used published peat basal ages to con-
strain peat initiation dates in our model in order to reduce the cur-
rent and future uncertainties related to peat carbon balance. Under 
the contrasting emission and warming scenarios RCP2.6 and 8.5, we 
showed that peatlands on average continue to be carbon sinks in 
the coming century. However, their sink capacity could be substan-
tially reduced after 2050 under the high-warming scenario due to 
increases in mineralization rates. Our modelling approach contrib-
utes to a better understanding of peatland dynamics and its role in 
the global climate system at different spatiotemporal scales. A major 
uncertainty of future predictions is the unknown initiation potential 
of new peatlands which could potentially change the peatland sink 
capacity in the future.
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